Abstract. Nanocrystals have gained much interest in recent years, due to their unusual properties allowing interesting applications in physical and biological science. In this literature review, biological nanocrystals are discussed from the spectroscopic point of view. Firstly, the theory behind the outstanding abilities of the nanocrystals is described. Secondly, the spectroscopic properties of biological nanocrystals are mentioned. Lastly, the use of nanocrystals with various spectroscopic applications is reviewed such as biosensor applications with UV-visible and surface plasmon resonance and Raman spectroscopy of biological materials. Finally, a short discussion of infrared nanocrystals and their abilities are included in the review.
Introduction
World science has already entered in the nanoscience era. Many branches of science have met the opportunities that nanoscale provided. Growing nanoscale science has allowed to build up or to alter materials starting from the smallest pieces. New building blocks and tools are being developed. Today, one of the most important nano structures are the nanocrystals (NCs) which have found many areas of application in physics, material science and biology. NCs have found area of utilization as probes for visualization of molecules, as tools for enhancing signals in spectroscopic applications, or as building blocks for complex nano and micro structures.
NCs are tiny crystal structures, generally manufactured from metals, semiconductors or insulators [1] . They are consisted of a few hundreds of atoms forming a crystal structure and several electrons are trapped inside this structure. NCs can be made up of various materials such as insulators, metals and semiconductors. Semiconductor NCs, or generally referred as quantum dots (QDs), can be formed inside a medium (Fig. 1A) or by colloidal synthesis (Fig. 1B) as well as the metal nanoparticles. Colloidal NCs such as colloidal QDs or metal nanoparticles are not bound to any larger crystal; and mostly they are in the form of spheres. Their radius varies from a few to several hundreds of nanometers. The QDs inside a medium are currently used for physical applications namely, for photonic sensors, electronic applications or QD lasers and LEDs, etc. [2] [3] [4] [5] [6] . On the other hand, colloidal NCs recently have been utilized in important applications in biology and medicine, particularly for biological labeling, biosensor [7] [8] [9] [10] [11] [12] [13] or nanotechnological applications (nanocrystals conjugated with biomolecules) [14] [15] [16] [17] [18] [19] [20] [21] . Currently, there is a wide research worldwide for physical applications of nanocrystal. However, there has been no significant commercial product so far. On the contrary, bioscience and medicine have utilized the nanocrystals in numerous applications. NCs have been used for several years in research [1, 9, [22] [23] [24] [25] and different types of QDs to be used for biological labeling applications can be purchased from several suppliers [4] . (B) Free standing nanocrystal, which is mostly used in biological applications. Although the outer layer is not necessary, this structure increases the encapsulation efficiency.
The theory behind the properties of nanocrystals
The unusual properties of nanocrystals depend on two basics: Encapsulation of electrons in a dimension in the order of its De Broglie wavelength, defining the wave nature of the electrons, and the effective mass of the electron in a crystal structure. In natural atoms, electrons are trapped by a central potential. If an electron is encapsulated in a dimension which is comparable to its De Broglie wavelength, then the size quantization occurs which makes the electron's energy levels become discrete in that dimension [26] . If this encapsulation occurs in three dimensions, the energy levels of the electron are totally quantized. By the central potential of the natural atoms the electrons are confined in small dimensions resulting in the energy levels that we observe. In free space, the De Broglie wavelength is an extremely small scale to capture electron artificially. However, the concept of effective mass of electrons in crystals overcomes this problem. De Broglie wavelength of a particle inside a crystal medium depends on the mass of the particle which can be expressed as, λ = h/ √ (3m eff kT ) [27] . Therefore, the electrons in a crystal have a different mass, which is much smaller than the mass of the electron in free space. This is called the effective mass and results mainly from the electrostatic interaction of the lattice atoms. Effective mass of the electron varies from crystal to crystal. If GaAs is considered, the effective mass of the electron could fall below 7% of the free electron mass [28] . Accordingly, if an electron is captured within a dimension of 100 angstroms, it is possible to observe discrete energy levels of the electron resembling the ones in natural atoms [28] . This is like deceiving electrons or emulation of the natural atoms in crystals. In NCs, the encapsulation of electrons can be provided by creating tiny nanostructures of crystal that is covered with another outer crystal having higher conduction band energy or higher bandgap (energy difference between conduction band and valence band) than the inner one. Then, the electrons will prefer to be in the crystal having lower conduction band energy, or simply by creating free or bound nanocrystals in a dielectric medium like air can provide encapsulation of electrons [29] . The motivation of developing NCs depends on controllable size, shape and the number of electrons inside. Thus, by the development of the NC technology it would be possible to make structures that their emission and absorption wavelengths with their sizes and shapes are controllable to be used in different applications. These properties of NCs have allowed tremendous number of applications and uses to emerge in various practices. The biological applications of NCs will be discussed in the following parts of this letter.
Biological nanocrystals
Applications of nanocrystals in biology can be classified mainly in two topics. One is using nanocrystals as probes for biological labeling applications and for increasing the spectroscopic signal for spectroscopy or microscopy [1, 22, 30] , the other is the grouping of nanocrystals using biological molecules as templates [31] for electronic and photonic applications [14, 15, 17, 32, 33] or for building nanostructures [16, 18, 19, 32, 34] .
The outstanding spectroscopic and microscopic properties of QDs, which will be mentioned later in the text, have resulted in many practices of QDs in biological labeling and provided preference of QDs over conventional organic probes. Moreover, many studies have shown that combining nanocrystals, mainly metal nanoparticles, with various biological molecules increases the signal efficiency in different spectroscopic applications. The other main use of nanocrystals is in fact not an application in biology; rather, biological molecules are used to sort, assemble and group QDs or metal nanoparticles in nanotechnological applications.
As nanocrystals are hydrophobic and toxic to the biological systems they must be made biocompatible to be used in mostly aqueous biological environment. To overcome the incompatibility of the surface of the nanocrystals to the biological environment, their surface should be covered with biocompatible molecules. There are various methods to create biocompatible nanocrystals some of which can be listed as encapsulation of dots in chaperonin proteins [7] , phospholipids micelles [35] , or using bi-functional proteins whose one side is hydrophobic like thiols (-SH) and the other side is hydrophilic like carboxyl (-COOH) [1] .
Making nanocrystals biocompatible is not the whole problem. These nanocrystals have to be integrated with other molecules to be used in biological applications. In fact, they should be specific to some substances. Several techniques are being used for conjugation of nanocrystals with biomolecules. These conjugating methods resemble key-lock model. In this model, biomolecules such as antibodies [36] , oligonucleotides [18, 19] or streptavidin-biotin complexes [37] are used. The use of key-lock model structures depends on the specific binding ability of the molecules in consideration. For instance, an NC covered with an oligonucleotide (i.e. DNA or RNA) having specific base order will only bind to a place including the oligonucleotide having the complementary base sequence [1] .
Spectroscopic properties of biological nanocrystals
Since QDs have discrete energy levels resembling natural atoms, they have a wide excitation but a narrow emission spectrum. For instance, CdSe QD shows obviously higher fluorescence intensity than the Latex fluorescent sphere in addition to having a narrower bandwidth of emission peak ( Fig. 2A) [38] . This provides preference of quantum dots over organic fluorescence or spectroscopic probes. In spectroscopic studies, the NCs show sharp and high peaks compared to the conventional organic dyes and also shows incomparable success in single molecule studies [22] (Fig. 3) . Mostly the spectra overlap while studying with the organic fluorophores. This prevents studying the related activity of several structures. However, the narrow emission bandwidth of NCs allows observation of several molecules at the same time. Several properties of various QDs are depicted in Fig. 4 [39] . The fluorescence wavelength can be changed just by changing the size of the dot [1] (Fig. 3) and unlike conventional fluorescence labels, several fluorescent NCs can be excited by a single excitation source [12] . As a result, the excitation source has a minimal effect to the biological environment while using NC labels. In addition to all, they suffer less from photobleaching [35] . Most of the organic dyes lose their fluorescence intensity completely in minutes (Fig. 5) [35] . This limits the observation of the biological phenomena occurring in longer time periods. On the contrary, nanocrystals remain stable and can keep their fluorescence intensity almost constant for longer periods in the scale of hours. Figures 2B and 2C show the comparison of the photobleaching curves of the original QDs, the solubilized QDs, and the dye R6G [38] . Furthermore, Fig. 5 demonstrates the obvious difference of QDs with Green Fluorescent Protein (GFP) [35] . Therefore, they can be used in long time observation or real time in vivo applications [30, 35, 40] . 
Spectroscopic applications of biological nanocrystals
The encapsulation of nanocrystals inside chaperonin proteins creates the possibility to make biosensor applications. The chaperonin proteins can encapsulate CdS nanocrystals as well as denatured proteins in a cylindrical cavity. This structure is so stable in the biological environment. Addition of ATP into the environment in the presence of Mg + and K + , causes chaperonin to change its conformation and release the nanocrystal at the end (Fig. 6 ). This situation can be monitored by size-exclusion chromatography (SEC) with a UV/Fluorescence dual detector (Fig. 7) [7] . In analytical SEC trace there is a UV peak as well as a fluorescence peak for complex chaperonin protein, T.th cpn with CdS. However, after the addition of ATP and MgCl 2 the fluorescence peak disappears. The UV peak remains; however there is another UV peak indicating ATP and its hydrolysed products [7] .
Using metallic NCs combined with UV-visible and surface plasmon resonance (SPR) spectroscopy is a fruitful combination for chemical biosensor applications [37, 41] and for observing protein conformational changes [13] .
By using localized SPR (LSPR) spectroscopy with biotinylated surface-confined Ag nano-triangles, a sensitive detection system for streptavidin can be established and anti-biotin binding to biotinylated Ag nano-triangles can be monitored. There are clear peak shifts in the LSPR spectra when Ag nanoparticles are modified by 1 mM 1 : 3 11-MUA (11-mercaptoundecanoic acid):1-OT (1-octanethiol), biotin, antibiotin or streptavidin (Fig. 8) [41] .
Moreover, DNA conjugation combined with UV-visible spectroscopy and SPR spectroscopy can be used for observing the protein conformational changes. There is a color shift in the solution of the yeast iso-1-cytochrome (Cyt c) protein covering a gold nanoparticle by the conformational change in the protein which can be observed by UV-visible absorption spectroscopy. In addition, refractive index of the flat gold films covered by the same protein changes again by conformational change of the protein. This change in refractive index is monitored by surface plasmon resonance spectroscopy [13] (Figs 9  and 10 ).
Streptavidin-biotin is a good choice to combine with quantum dots in sensor applications, because the streptavidin-biotin complex has an excellent binding ability (Fig. 8) [37, 41] .
Furthermore, there are several colorimetric biosensor applications with the use of UV-visible spectroscopy combined with DNA conjugation of metal NCs which can detect various analytes including ions or organic molecules by observing the changes in the heights or shifts of the peaks. If the colorimetric detection of Pb +2 is considered as an example, it is observed that the color of the solution of DNAzyme (Catalytically active DNA) conjugated gold nanoparticles is changed from blue to purple to red as the Pb +2 concentration is increased from 0 to 5 μm [20] . In addition to all, the problems of near field detection such as background fluorescence and low signal magnitude in Raman spectroscopy can be overcome by treating biomaterials with silver nanoparticles [42] .
Finally, there are studies of in vivo imaging of biological materials using quantum dots [9, 30, 35, 40, 43] . However, limited penetration depth of visible light does not allow deep tissue imaging [40] . Moreover, the problem of cell auto fluorescence in the visible range prevents clear observations of the fluorescence from the labels. This situation is overcome by the use of QDs emitting in infrared (IR) region [44] . By several spectroscopic and microscopic studies these particles can be tracked in biological tissue [40, 44] . The photoproperties of 752 nm near infrared QDs are shown in Fig. 11 [45] .
Conclusion
The discovery of nanocrystals and their use in biological sciences have opened new windows to the researchers. Their sharp and narrow emission peaks, and ability to suffer less from photobleaching and to be excited by a single source in addition to the ability of conjugating them with chemical and biological materials gave researchers talented tools in biological spectroscopy and microscopy. Nanocrystals are not only used for detection: Conjugation of nanocrystals with the biological molecules are opened new windows to the nanoscience by allowing them to be used as building blocks for larger nano-and microstructures. It is clear that the intense studies worldwide will provide new explorations about the synthesis and utilization of nanocrystals.
